ABSTRACT In response to heat stress, interleukin-6 (IL-6) expression is upregulated in broiler chickens. The main aim of the present study was to evaluate the cumulative effects of thermal manipulation (TM) and subsequent acute heat stress (AHS) on the mRNA expression of IL-6 and genes involved in its induction pathways. The studied genes include IL-6, IL-1β, TNF-α, TLR2, TLR4, NFκB50, NFκB65, Hsp70, and HSF3 in the spleen and liver tissues. TM was carried out at 39
INTRODUCTION
As endothermic animals, birds can regulate their body temperatures in a manner that is independent of the ambient temperature (Arjona et al., 1988) . However, this system of regulation functions optimally when the ambient temperature lies between 18 and 24
• C, a range which is known as the avian thermoneutral zone . If the ambient temperature exceeds this range due to conditions of heat stress, irreversible and potentially lethal thermoregulatory events could take place (Al-Zghoul et al., 2015b) . Such events lead to numerous complications involving reduced hatchability, impaired growth rates, lower feed intakes, and decreased meat production that undoubtedly cause economical losses (Mashaly et al., 2004) . The broiler chicken, Gallus gallus domesticus, is one that is specifically bred and reared for the C Crown copyright 2018. Received May 21, 2018. Accepted October 4, 2018. 1 Corresponding author: alzghoul@just.edu.jo purpose of producing meat (Bessei, 2006) . The immune system of this breed is suppressed by heat stress (Mashaly et al., 2004) , as high ambient temperatures activate the hypothalamic-pituitary-adrenal axis, leading to high corticosterone serum levels (Quinteiro-Filho et al., 2010) . In addition, thermal stress leads to the activation of the sympathetic nervous system, resulting in high catecholamine serum levels (Herman and Cullinan, 1997) . In response to chronic heat stress (CHS), increased expression of the chicken proinflammatory cytokine interleukin-6 (IL-6) (Abbas et al., 2007; Varasteh et al., 2015; Song et al., 2017) and the 70 kilodalton heat shock proteins (Hsp70) (Varasteh et al., 2015) was reported. Furthermore, it was found that the expression of the same genes increased in response to acute heat stress (AHS) (Cheng et al., 2015) .
In general, heat shock proteins (HSP) are made by the cell after the latter is exposed to conditions of stress (Kregel, 2002; Al-Zghoul, 2018) . The main function of HSP in the context of proteins is to correct their folding, confer protection, prevent formation of protein aggregates, and promote cellular viability (Fulda et al., 1805 (Fulda et al., 2010 . The most studied HSP in terms of cellular protection from heat stress is Hsp70, as it can be considered to be a heat stress index in many organisms (Song and King, 2015) . Induction of Hsp70 has been associated with acquired thermotolerance in different cell types (Li and Mak, 1989) . On the other hand, cytokines are immunological signaling proteins that promote cellular defense mechanisms against inflammations induced by heat stress (Hietbrink et al., 2006) . IL-6 and IL-1β are proinflammatory cytokines produced during stressful periods and regulate the acute phase response (APR) to stress (Kushner, 1993) . IL-1β induces the production of IL-6 (Weber et al., 2010) . In times of stress and/or tissue injury, APR maintains homeostasis and promotes healing via the activation of innate immunity. When APR occurs, IL-6 downregulates the proinflammatory cytokines but does not affect the anti-inflammatory cytokines (Kaplanski et al., 2003; Cray et al., 2009) . It was found that IL-6 is a very important regulator of systematic and local acute inflammation mainly by modulating proinflammatory cytokine levels (Xing et al., 1998) . Several studies have reported that AHS leads to increased IL-6 levels, which subsequently induces tissue protection mechanisms (Leon, 2007; Welc et al. 2012 Welc et al. , 2013b Phillips et al., 2015) . IL-6 promotes tissue repair by activating the IL-8 cytokine, the latter of which has a major role in the wound-healing process (Rennekampff et al., 2000; Bosch et al., 2002; Wigley and Kaiser, 2003) . In fact, Cheng et al. (2015) assumed that, during AHS, IL-6 and its related pathways play a crucial role in regulating the mechanisms that protect against tissue disruption in the small yellow follicles of broiler chickens.
During periods of stress, the expression of IL-6 can be induced in a number of ways. Figure 1 illustrates 3 common modes of IL-6 activation. In the first pathway, Hsp70 is secreted by specialized cells or released by damaged cells in response to heat stress. Hsp70 binds to TLR2 and TLR4, leading to a signaling cascade that culminates in the activation of nuclear factor kappa-B (NF-κB) transcription factor, the latter of which triggers IL-6 expression (Asea et al., 2002) . Similarly, the second route of IL-6 induction involves the activation of NF-κB via the upregulation of the TNF-α and IL-1β cytokines (Lawrence, 2009 ). Finally, it was recently discovered that HSF3 acts as the third mechanism of IL-6 induction upon exposure to environmental stressors. However, it must be noted that the last mode of IL-6 activation only occurs in poultry. In mammals, the HSF3 ortholog (HSF1) inhibits IL-6 expression (Prakasam et al., 2013) .
To reduce the adverse effects of heat stress, thermal manipulation (TM) of poultry during embryonic development was suggested to improve acquisition of thermotolerance (Piestun et al., 2008) . What is meant by TM is an increase in the egg's incubation temperature for certain periods during the embryogenesis process (Molenaar et al., 2010) . Thermotolerance acquisition was enhanced by TM due to the modulation of Figure 1 . Routes involved in the induction of IL-6 expression during heat stress. During heat stress (1), the Hsp70 released from damaged cells or secreted by various cells binds to the TLR2 and TLR4 resulting in NFκB activation; in addition (2), the upregulated IL-1β and TNF-α stimulate other cells to activate NFκB, the latter which induce IL-6 expression. (3) Heat stress activates HSF3 which induces the expression of IL-6 in birds.
thyroid hormone secretion (which led to a decreased basal metabolic rate during heat stress) and HSP expression (Al-Zghoul et al., 2013 , 2015c . TM was found to result in positive effects on the cell-mediated immune response of chickens when they were exposed to CHS later on in their post-hatch lives . In addition, TM led to a reduction in hematocrit and heterophil/lymphocyte ratios during post-hatch life both before and after exposure to thermal challenge (Al-Rukibat et al., 2017) .
Despite the advances being made in this field, the effect of TM on the stress-responsive immunological protective mechanisms still require further investigation. The aim of this study was to evaluate the effects of TM at different stages of embryonic development on the cloacal temperature (T c ) and mRNA expression of Hsp70, HSF3, IL-6, IL-1β, TNF-α, TLR2, TLR4, NFκB50, and NFκB65 genes in the broiler chicken's liver and spleen tissues during AHS.
MATERIALS AND METHODS
All experiments and management conditions of this study were approved by the Jordan University Science and Technology Animal Care and Use Committee (JUST-ACUC). were obtained from a Cobb breeder (Madaba, Jordan) and a further 600 eggs were procured from a Hubbard breeder (Irbid, Jordan). The eggs were examined for any breakage or abnormality, and approved eggs were incubated in commercial Type-I HS-SF incubators (Masalles, Barcelona, Spain). Within each breed, the eggs were subdivided into 2 treatment groups: the control group and the TM group. The eggs of the control group were maintained at 37.8
Study Population and Incubation
• C and 56% relative humidity (RH) throughout the embryogenesis period, while those of the TM group were incubated at 39
• C and 65% RH for 18 h during days 10 to 18 of embryonic development. On day 7 of embryonic development, the eggs were examined by candling: the infertile eggs and the eggs with dead embryos were removed.
Rearing and Sample Collection
On hatching day, the number of hatched chicks was recorded every hour. The 1-d old chicks were transferred to the Animal House at JUST where the field experiments were carried out. The cloacal temperature (T c ) was recorded on the following post-hatch days: 1, 3, 5, 7, 9, 11, 13, 15, 19, 22, 25, 28, 30, 33, and 35 . The chicks were divided into groups of 10 and randomly distributed into their cage pens. Room temperature was maintained at 33 ± 1
• C during the first week and was gradually decreased to 24
• C by the end of the third week. Starting from post-hatch day 24 until day 35, the temperature was maintained at 21
• C. Water and appropriate feed were provided to the chicks ad libitum throughout the experimental period. The chicks were vaccinated against Newcastle disease (at post-hatch days 8 and 20) and infectious bursal disease (at post-hatch day 15).
At post-hatch day 28, 40 chicks from each incubation group (Hubbard control group, Hubbard TM group, Cobb control group, and Cobb TM group) were randomly chosen and exposed to AHS. AHS was achieved by increasing the room temperature to 40
• C for a duration of 7 h. After 0, 1, 3, 5, and 7 h of heat stress, from each treatment group, blood samples were collected from 5 chicks using EDTA collection tubes; 5 birds were humanely euthanized, and liver and splenic samples were collected for total RNA isolation and measurement of Hsp70, HSF3, IL-6, IL-1β, TNF-α, TLR2, TLR4, NFκB50, and NFκB65 mRNA gene expression by relative-quantitation real-time RT-PCR.
RNA Extraction and cDNA Synthesis
Splenic and liver total RNA were isolated using Direct-Zol RNA MiniPrep (Zymo Research, Irvine, USA) with TRI Reagent (Zymo Research, Irvine, USA). RNA concentrations were determined using Biotek PowerWave XS2 Spectrophotometer (BioTek Instruments, Inc., USA). Two microgram total RNA from each sample was used for cDNA synthesis Superscript III cDNA Synthesis Kit (Invitrogen, USA).
Relative mRNA Quantitation Analysis by Real-time RT-PCR
QuantiFast SYBR Green PCR Kit (Qiagen corp., CA, USA) was used on a Rotor-Gene Q MDx 5 plex instrument (Qiagen corp., CA, USA). Briefly, the 20 μl reaction mix was prepared from 10 μl of master mix, 1.2 μL forward primer (12 pmol), 1.2 μL reverse primer (12 pmol), 1 μL cDNA from the sample, and 6.6 μL of nuclease-free water. The PCR cycles employed the following parameters: 95
• C for 5 min; 40 cycles of 95 • C for 10 s followed by 30 s at 55
• C; and 72
• C for 10 s with final melting at 95
• C for 20 s. The detection of fluorescence emission occurred during the extension step. The 28S ribosomal RNA was used as an internal control to which the fold changes in gene expression were normalized. The single target amplification specificity was approved by the melting curve. The relative quantitation was calculated automatically. Table 1 shows primers sequences that were used in the real time RT-PCR analysis.
Plasma Analysis
All blood samples were centrifuged at 5,000 g for 10 min, and then the plasma was collected and stored at -20 • C. The plasma level of IL-6 was determined using a commercially available ELISA kit according to the manufacturer protocol (Cusabio Biotech Co., Ltd, Wuhan, China; Catalogue No. CSB-E08549Ch).
Statistical Analysis
All statistical analyses were conducted using IBM SPSS statistics 23 software (IBM software, Chicago, USA). The data of cloacal temperature, IL-6 plasma level, and mRNA levels of Hsp70, HSF3, IL-6, IL-1β, TNF-α, TLR2, TLR4, NFκB50, and NFκB65 were expressed as means ± SD. For each experimental time point (post-hatch days 1, 3, 5, 7, 9, 11, 13, 15, 19, 22, 25, 28, 30, 33, and 35) , one-way analysis of variance (ANOVA) followed by an all-pairs Bonferroni test was used to compare different parameters in all treatment groups (control vs. TM groups and Hubbard vs. Cobb breeds). Two-way ANOVA was also used to compare T c and mRNA fold changes within treatment groups (0 h vs. heat stress after 1, 3, 5, and 7 h). Parametric differences were considered statistically significant at P < 0.05.
RESULTS

Impact of TM on the Cloacal Temperature (T c )
The effect of TM on T c during post-hatch life is shown in Figure 3A and B for the Hubbard and Cobb breeds. During most of their post-hatch life, Hubbard TM chicks possess significantly lower T c with respect to the Hubbard control chicks (P < 0.05). However, no significant differences were observed on days 5, 7, and 15 of the Hubbard chicks' post-hatch life (P > 0.05). Similarly, Cobb TM chicks had significantly lower T c than Cobb control chicks (P < 0.05). In contrast, no significant difference in T c was found between the 2 Cobb groups at 1, 7, 15, and 28 post-hatch days (P > 0.05). 
Effect of TM and AHS on Cloacal Temperature (T c ) and IL-6 Plasma Levels
The impact of AHS (40 • C for 1, 3, 5, and 7 h on posthatch day 28) on the T c and IL-6 plasma levels of thermally manipulated and control groups of both Hubbard and Cobb chicken breeds is shown in Table 2 . Before heat stress exposure (at 0 h), no significant difference was observed in T c between Cobb TM and Cobb control, but the Hubbard TM possessed significantly lower Table 2 . Impact of acute heat stress (AHS) at 40
• C for 7 h during post hatch day 28 on the cloacal temperature (T c ) and the plasma level of IL-6 in the Hubbard and Cobb broiler chickens subjected to thermal manipulation (TM).
Cobb
Hubbard
T c than Hubbard control chickens. AHS significantly increased T c in all groups. Thermally manipulated Hubbard chickens had significantly lower T c during AHS compared to Hubbard control (P < 0.05). Furthermore, thermally manipulated Cobb chickens possess significantly lower T c compared to Cobb control chickens (P < 0.05) during all time intervals of AHS.
At 0 h (before AHS exposure), the plasma level of IL-6 was significantly higher in Hubbard TM compared to that in Hubbard control chickens (P < 0.05). During AHS exposure, IL-6 plasma levels were insignificantly higher at 1 h (P > 0.05), significantly higher at 3 and 5 h (P < 0.05), and significantly lower at 7 h in Hubbard TM with respect to the IL-6 levels detected in Hubbard control chickens. The highest plasma level of IL-6 was observed at 0 h in Hubbard TM and at 7 h in Hubbard control chickens.
In Cobb chickens, the plasma level of IL-6 was significantly higher (P < 0.05) in TM compared to that in control chickens before AHS exposure (at 0 h). During AHS exposure, the IL-6 plasma level did not significantly differ at 1 h (P > 0.05), but it was significantly higher at 3, 5, and 7 h in Cobb TM compared to that in Cobb control chickens (P < 0.05). The highest plasma level of IL-6 was observed at 0 h in Cobb TM chickens, but in Cobb control chickens, the highest level was observed at 1 h.
Effect of TM and AHS on IL-6, IL-1β, and TNF-α mRNA Expression in Liver and Spleen
The mRNA expression of IL-6, IL-1β, and TNF-α in the liver and spleen of Hubbard and Cobb treatment groups is shown in Figure 4A -C.
IL-6. At 0 h (before AHS exposure), the liver expression of IL-6 in Hubbard TM chicks was significantly higher compared to that in Hubbard control chicks (P < 0.05). During AHS exposure, the expression was significantly higher in Hubbard TM compared to that in Hubbard control Hubbard chicks at 1, 5, and 7 h (P < 0.05), but the difference was not significant at 3 h (P > 0.05). The highest expression was observed at 1 h in both Hubbard TM and control chicks. At 0 h (before AHS exposure), the expression of IL-6 in the liver of Cobb TM chicks was significantly higher than that of Cobb control chicks (P < 0.05). During AHS exposure, the expression was significantly higher in Cobb TM than that in control at 3 and 7 h (P < 0.05), but the difference was not significant at 1 and 5 h (P > 0.05). The highest liver expression of IL-6 was detected in both Cobb groups at 1 h.
At 0 h (before AHS exposure), the splenic expression level of IL-6 did not significantly differ between Hubbard TM and Hubbard control chicks (P > 0.05). However, during AHS exposure, the expression was significantly higher in Hubbard TM compared to that in Hubbard control chicks at 1, 3, and 5 h (P < 0.05), but no significant difference was observed at 7 h (P > 0.05). The highest expression was detected at 1 h by both the Hubbard TM and Hubbard control groups. At 0 h (before AHS exposure), the splenic expression of IL-6 did not significantly differ between Cobb TM and Cobb control chicks (P > 0.05). However, during AHS exposure, the expression in Cobb TM chicks was significantly higher than that in Cobb control chicks at 1, 3, 5, and 7 h (P < 0.05). The highest IL-6 expression was observed at 5 h in Cobb TM and at 7 h in Cobb control chicks, respectively. IL-1β. At 0 h (before AHS exposure), no significant difference was observed in the liver and splenic expression of IL-1β between Hubbard TM and Hubbard control chickens (P > 0.05). During AHS exposure, IL-1β expression in both organs was significantly higher in Hubbard TM compared to that of Hubbard control • C for 7 h during post-hatch day 28 on splenic and liver mRNA levels of (A) IL-1β, (B) TNF-α, and (C) IL-6 in Cobb and Hubbard broiler chickens subjected to TM (n = 100). The values in the stacked chart indicate folds of mRNA level in the control groups-0 h. # Within the same time terminal, the splenic values ± SD of TM and control groups are significantly different (P < 0.05). * Within the same time terminal, the liver values ± SD of TM and control groups are significantly different (P < 0.05).
a-d Within the same treatment group and between different time intervals, the splenic values ± SD with different superscripts are significantly different (P < 0.05).
w-z Within the same treatment group and between different time intervals, the liver values ± SD with different superscripts are significantly different (P < 0.05).
chickens at 1 and 3 h (P < 0.05). However, the difference was not significant at 5 and 7 h (P > 0.05). The highest liver expression was observed at 1 h in both Hubbard TM and Hubbard control chickens. In the spleen, the highest expression was observed at 1 h in Hubbard TM chickens and at 5 h in Hubbard control chickens.
No significant difference was observed in the liver expression of IL-1β between Cobb TM and Cobb control chickens at all time intervals except at 3 h after AHS exposure. At 3 h after AHS, the expression in Cobb TM was significantly higher than that in Cobb control chickens (P < 0.05). The highest liver expression was observed at 3 h in Cobb TM and at 1 h in Cobb control chickens. At 0 h (before AHS exposure), the splenic expression of IL-1β did not significantly differ between Cobb TM and Cobb control chickens (P > 0.05). During AHS exposure, the splenic IL-1β expression was insignificantly higher in Cobb TM compared to that in Cobb control at 1 and 3 h (P > 0.05). Whereas at 5 and 7 h, Cobb TM possessed significantly higher expression than Cobb control chickens (P < 0.05). In both Cobb TM and Cobb control chickens, the highest splenic expression was observed at 7 h. TNF-α. At 0 h (before AHS exposure), no significant difference was detected in the liver mRNA expression of TNF-α between Hubbard TM and Hubbard control chickens. During heat stress, the liver mRNA level of TNF-α was significantly higher in Hubbard TM compared to that in Hubbard control chickens at the third hour. The highest liver level of TNF-α mRNA was observed after 1 h of heat stress in both Hubbard TM and Hubbard control chickens. At 0 h (before AHS exposure), the liver mRNA level of TNF-α was not significantly different between Cobb TM and Cobb control chickens. The liver mRNA level of TNF-α was significantly lower after 1 and 7 h, and significantly higher after 3 h of heat stress exposure in Cobb TM compared to that in Cobb control. The highest liver mRNA level of TNF-α was observed at 3 h in Cobb TM chickens, whereas in Cobb control chickens; the expression level did not change throughout the heat stress period.
The splenic mRNA expression of TNF-α did not significantly differ between Hubbard TM and Hubbard control chickens at 0 h (before heat stress). But during AHS, the level was significantly higher in Hubbard TM than that in Hubbard control chickens after 1 and 3 h of heat stress. The highest splenic mRNA level of TNF-α was observed at 1 h in Hubbard TM, and at 3 h in Hubbard control chickens. At 0 h, the splenic mRNA level of TNF-α did not significantly differ between Cobb TM and Cobb control chickens. During AHS exposure, the level was significantly higher at 1, 3, and 5 h, and significantly lower at 7 h in Cobb TM compared to that in Cobb control chickens. During heat stress, the highest splenic mRNA level of TNF-α was observed at 5 h in Cobb TM, and at 7 h in Cobb control chickens.
Effect of TM and AHS on Liver and Splenic TLR2, TLR4, and Hsp70 mRNA Expression
The mRNA expression of TLR2, TLR4, and Hsp70 in the liver and spleen of Hubbard and Cobb treatment groups is shown in Figure 5A -C.
TLR2. At 0 h (before AHS exposure), the liver mRNA expression of TLR2 was not significantly different between Hubbard TM and Hubbard control chickens. During heat stress, the level was significantly lower at 1 h, and significantly higher at 3 h in Hubbard TM compared to that in Hubbard control chickens. The highest level was observed at 3 h in Hubbard TM and at 1 h in Hubbard control chickens. No significant difference was observed in the liver mRNA level of TLR2 between Cobb TM and Cobb control chickens at 0 h. During heat stress, the level was significantly lower at 1 and 7 h, and significantly higher at 3 h in Cobb TM compared to that in Cobb control chickens. The highest level was detected at 3 h in Cobb TM, and at 1 h in Cobb control chickens.
The splenic mRNA level of TLR2 was not significantly different between Hubbard TM and Hubbard control chickens at 0 h. During heat stress, the level was significantly higher at 1 and 3 h in Hubbard TM with respect to that in Hubbard control chickens. The significantly highest detected level was at 1 h in Hubbard TM and at 5 h in Hubbard control chickens. The splenic mRNA level of TLR2 was not significantly different among the Cobb groups at 0 h (before AHS exposure). During heat stress exposure, the level was significantly higher at 3 and 5 h in Cobb TM compared to that in Cobb control chickens. The highest detected level was at 5 h in Cobb TM, and at 7 h in Cobb control chickens.
TLR4. In both Cobb and Hubbard chickens, no significant difference was observed in the liver mRNA expression of TLR4 between the TM and the control groups at 0 h (before heat stress exposure). The level was significantly higher after 1 and 3 h of heat stress exposure, and significantly lower after 7 h in Hubbard TM compared to that in Hubbard control. The highest level was observed at 1 h in both Hubbard groups. During heat stress exposure, the liver mRNA level of TLR4 was significantly higher after 3 h in Cobb TM compared to that in Cobb control chickens. The highest detected level was at 3 h in Cobb TM and at 1 h in Cobb control chickens.
At 0 h, no significant difference was observed in the splenic mRNA expression of TLR4 between the 2 Hubbard groups. During heat stress, the level was significantly higher at 1 h and significantly lower at 5 h in Hubbard TM compared to that in Hubbard control chickens. The highest level was observed at 3 h in Hubbard TM, and at 5 h in Hubbard control chickens. The splenic mRNA expression of TLR4 was significantly lower in Cobb TM compared to that in Cobb control chickens at 0 h (before heat stress exposure). During heat stress, the expression was significantly higher in Cobb TM compared to that in Cobb control at 5 h. During heat stress, the highest expression was observed at 5 h in Cobb TM, and at 7 h in Cobb control chickens.
Hsp70. At 0 h (before AHS exposure), the liver expression of Hsp70 was insignificantly higher in TM compared to control Hubbard chicks (P > 0.05). However, during AHS exposure, the expression in Hubbard TM was significantly higher than that in control at 1, 3, 5, and 7 h (P < 0.05). The highest expression was reached at 1 h in both Hubbard TM and Hubbard control chickens. At 0 h (before AHS exposure), the liver expression of Hsp70 was significantly higher in the Cobb TM than in the control group (P < 0.05). Also, during AHS exposure, the expression was significantly higher in the • C for 7 h during post-hatch day 28 on the splenic and liver mRNA levels of (A) TLR2, (B) TLR4, and (C) Hsp70 in Cobb and Hubbard broiler chickens subjected to TM (n = 100). The values in the stacked chart indicate folds of mRNA level in the control groups-0 h. # Within the same time terminal, the splenic values ± SD of TM and control groups are significantly different (P < 0.05).
* Within the same time terminal, the liver values ± SD of TM and control groups are significantly different (P < 0.05).
a-d Within the same treatment group and between different time Intervals, the splenic values ± SD with different superscripts are significantly different (P < 0.05).
Cobb TM group compared to the control group at all measured times (P < 0.05). The highest expression in the Cobb TM group was observed at 1 h, while the highest expression in the Cobb control group was recorded at 5 h.
At 0 h (before AHS exposure), no significant difference was observed in the splenic expression of Hsp70 between the Hubbard TM and control groups (P > 0.05). However, during AHS exposure, the expression was significantly higher in the TM group than in the control group at 1 and 3 h (P < 0.05), whereas at 5 and 7 h, the expression was significantly lower in the Hubbard TM group compared to the control Hubbard chicks (P < 0.05). The highest expression in the Hubbard TM group was observed at 1 h, while the highest expression in the Hubbard control group was observed at 5 h. At 0 h (before AHS exposure), the splenic expression of Hsp70 was significantly higher in the Cobb TM group compared to that of control Cobb chicks (P < 0.05). During AHS exposure, the expression was significantly higher in Cobb TM than in Cobb control chicks at 5 and 7 h (P < 0.05), but the difference was not significant at 1 and 3 h (P > 0.05). The highest expression was observed in Cobb TM chicks at 5 h, but it was observed at 7 h in Cobb control chicks.
Effect of TM and AHS on Liver and Splenic NF-κB50, NF-κB65, and HSF3 mRNA Expression
The mRNA expression of NF-κB50, NFκB65, and HSF3 in the liver and spleen of Hubbard and Cobb treatment groups is shown in Figure 6A -C.
NF-κB50. At 0 h, no significant difference was detected in the liver mRNA level of NF-κB50 between the TM and control groups in both Hubbard and Cobb chickens. During AHS exposure, the level was significantly higher at 1 and 5 h in Hubbard TM compared to that in Hubbard control chickens, and the highest level was detected at 1 h in both Hubbard groups. The level was significantly lower in Cobb TM compared to that in Cobb control chickens at 5 and 7 h during heat stress. The highest level was observed at 3 h in Cobb TM chickens, but the level in Cobb control did not significantly change throughout the heat stress period.
The splenic mRNA expression of NF-κB50 was not significantly different between the TM and the control groups in both Hubbard and Cobb chickens at 0 h (before heat stress exposure). The level was significantly higher in Hubbard TM than that in Hubbard control chickens after 1 and 3 h of heat stress exposure. The highest level was observed at 1 h in Hubbard TM; however, the level did not significantly change throughout the heat stress period in Hubbard control chickens. During AHS exposure, the level was significantly higher at 3 and 5 h, and significantly lower at 7 h in Cobb TM than that in Cobb control chickens. The highest level was detected at 5 h in Cobb TM, and at 7 h in Cobb control chickens.
NF-κB65. At 0 h, no significant difference was observed in the liver mRNA level of NF-κB65 between the TM and control groups in both Hubbard and Cobb chickens. During AHS exposure, the level was significantly higher at 3 h, and significantly lower at 7 h in Hubbard TM compared to that in Hubbard control chickens. The highest level was detected at 1 h in both Hubbard groups. During heat stress, the level was significantly higher at 3 and 5 h in Cobb TM compared to that in Cobb control chickens. The highest level was observed at 3 h in Cobb TM chickens, whereas in Cobb control, the level did not significantly increase throughout the heat stress period.
The splenic mRNA expression of NF-κB65 was not significantly different between the TM and the control groups in both Hubbard and Cobb chickens at 0 h (before heat stress exposure). During heat stress, the level was significantly higher at 3 h, and significantly lower at 5 and 7 h in Hubbard TM compared to that in Hubbard control chickens. The highest level was observed at 3 h in Hubbard TM, and at 5 h in Hubbard control chickens. The splenic mRNA level of NF-κB65 was significantly higher after 1, 3, and 5 h, and significantly lower after 7 h of heat stress exposure in Cobb TM with respect to that in Cobb control chickens. The highest level was observed at 5 h in Cobb TM, and at 7 h in Cobb control chickens.
HSF3. At 0 h (before exposure to AHS), the liver mRNA expression of HSF3 was significantly higher in Hubbard TM compared to that of Hubbard control chicks (P < 0.05). Liver HSF3 expression was also significantly higher in Hubbard TM than in Hubbard control chicks during AHS at 1, 3, and 5 h (P< 0.05), but no significant difference was observed at 7 h (P > 0.05). In both Hubbard TM and Hubbard control chickens, the highest liver HSF3 expression was observed at 1 h. At 0 h (before exposure to AHS), the mRNA expression of HSF3 was insignificantly higher in the liver of Cobb TM chickens than in that of Cobb control chickens (P > 0.05). During AHS, at 3 and 5 h, the liver mRNA expression of HSF3 was significantly higher in TM than that in control Cobb chickens (P < 0.05), but no significant difference observed at 1 and 7 h (P > 0.05). The highest mRNA level of HSF3 was observed at 3 h in the liver of Cobb TM chickens, whereas in the liver of Cobb control chickens, it was observed at 1 h.
At 0 h (before AHS exposure), the splenic mRNA expression of HSF3 was significantly higher in Hubbard TM chicks compared to that in Hubbard control chicks (P < 0.05). Also, during AHS exposure, the splenic HSF3 expression was significantly higher in the Hubbard TM group compared to that of the control group at 1 and 3 h (P < 0.05), but no significant difference was observed at 5 and 7 h (P > 0.05). The highest splenic HSF3 expression observed in the Hubbard TM group was at 1 h, whereas in the Hubbard control group it was at 7 h. At 0 h (before AHS exposure), the splenic mRNA expression of HSF3 was not significantly different among Cobb treatment groups (P > 0.05). However, during AHS exposure at 1, 3, and 5 h, the expression was significantly higher in the Cobb TM group than that of the Cobb control group (P < 0.05). The highest splenic HSF3 expression was observed in both the Cobb TM and control groups at 7 h.
Differences in the mRNA Expression of HSF3, Hsp70, IL-6, and IL-1β Between Cobb and Hubbard Breeds
The differences in the mRNA levels of HSF3, Hsp70, IL-6, and IL-1β between Cobb and Hubbard breeds is shown in Figure 7A -D. For the most part, the present results suggest that the Cobb breed can betterwithstand the effects of heat stress than its Hubbard counterpart. In terms of HSF3, the Cobb TM and • C for 7 h during post-hatch day 28 on the splenic and liver mRNA levels of (A) NFκB50, (B) NFκB65, and (C) HSF3 in Cobb and Hubbard broiler chickens subjected to TM (n = 100). The values in the stacked chart indicate folds of mRNA level in the control groups-0 h. # Within the same time terminal, the splenic values ± SD of TM and control groups are significantly different (P < 0.05).
control groups possessed significantly higher levels of liver and splenic mRNA expression than their Hubbard counterparts. Similarly, liver and splenic mRNA expression of Hsp70 and IL-6 was significantly higher in the Cobb TM and control groups than in the respective Hubbard groups. However, splenic IL-1β mRNA expression was significantly higher in the Cobb TM group but significantly lower in the Cobb control groups compared to the corresponding Hubbard groups. Less conclusive results were obtained for liver IL-1β mRNA expression, as Cobb controls had higher levels than Hubbard controls at 0 h but lower levels at 5 h, while the Cobb TM group had significantly higher levels at 0 h and lower levels at 1 h compared to the Hubbard TM group.
DISCUSSION
The aims of the present study were to investigate the effects of TM (39
• C) and subsequent AHS on T c Figure 7 . Differences in the mRNA levels of (A) HSF3, (B) Hsp70, (C) IL-6, and (D) IL-1β between Cobb and Hubbard chicken breeds after 0, 1, 3, 5, and 7 h of heat stress (n = 100). The values in the stacked chart indicate folds of mRNA level in the Hubbard-0 h. # Within the same time terminal, the splenic values ± SD of Hubbard and Cobb groups are significantly different (P < 0.05).
* Within the same time terminal, the liver values ± SD of Hubbard and Cobb groups are significantly different (P < 0.05).
as well as on the liver and splenic mRNA expression of IL-6 and its various induction pathway components in Cobb and Hubbard broiler chicken breeds. TM during days 10 to 18 of embryonic development significantly reduced T c during post-hatch life in both Hubbard and Cobb chickens, except at days 5, 7, and 15 for Hubbards and at days 1, 7, 15, and 28 in Cobbs. Furthermore, TM resulted in reduced T c during AHS at all measured time intervals in Hubbard and Cobb chickens. These results are corroborated by a number of studies that reported enhanced thermotolerance as a result of TM in broiler chickens (Al-Zghoul et al., 2013 , 2015a Piestun et al., 2008; Piestun et al., 2008) . While this study showed that TM resulted in a generally consistent pattern of post-hatch thermotolerance, others have illustrated that the thermotolerance conferred by TM decreased with age (Collin et al., 2007) .
The results of this study demonstrated that both HSF3 and Hsp70 expression increased in TM chickens compared to control chickens before (basal level) and during AHS treatment. In response to AHS, both HSF3 and Hsp70 expression levels were increased in all groups, but the highest level was reached in TM groups in a shorter amount of time compared to the control groups. These findings corroborate those of previous studies that TM has a long-term effect on the dynamics of HSF3 and Hsp70 expression in a way that improves the animal's thermotolerance (Al-Zghoul et al. 2013 , 2015a . Differences in Hsp70 and HSF3 expression dynamics might be due to the epigenetic modifications that occurred during embryogenesis in response to TM. In fact, Vinoth et al. (2017) found that TM during embryogenesis resulted in altered DNA methylation on the Hsp70 promoter, which, in turn, affected the expression of this protein as well as the acquisition of thermotolerance.
In the current study, the mRNA expression of the cytokines IL-1β and IL-6 increased in response to heat stress in both groups, but it was higher in TM chickens compared to control chickens across the 2 breeds; in addition, TM resulted in increased basal IL-6 mRNA level. Furthermore, the present study showed higher IL-6 plasma levels in TM chickens with respect to that in control chickens. This may suggest that increased levels of IL-1β and IL-6 serve to regulate the tissue protection process during heat exposure. Both the IL-1β and IL-6 genes were found to be upregulated during periods of artificially induced stress not involving heat (Shini and Kaiser, 2009 ). According to Prakasam et al. (2013) , IL-6 in chickens functions as a heat-shock gene in that it is activated by HSF3 during heat stress. Such regulation is necessary as increased IL-6 expression in response to AHS in the yellow follicles of chickens was associated with the regulation of protective pathways (Cheng et al., 2015) . IL-6 is important for tissue protection, healing, and regeneration response during stress conditions or tissue injury (Streetz et al., 2000; McFarlandMancini et al., 2010; Welc et al., 2013a) . In fact, pretreatment with IL-6 was reported to have a protective effect during AHS exposure in mice by regulating physiological responses resulting in shielding from tissue damage (Phillips et al., 2015) . This indicates that TM enhanced the immune-protective response by increasing the expression of IL-6 during heat stress. To the authors' knowledge, this is the first study to investigate the effects of TM on IL-1β and IL-6 expression levels in broiler chicken breeds.
The present findings illustrate that TM led to higher TNF-α mRNA level during heat stress, and enhanced its production dynamics since the peak expression was reached within shorter time compared to control groups. Lan et al. (2016) found that TNF was the most activated regulator in both heat-susceptible and heatresistant broiler breeds exposed to heat stress. Along with IL-1β, TNF-α has a function in the induction of IL-6 expression through the activation of the NF-κB transcription factor (Lawrence, 2009) . TM enhanced the expression of IL-1β and TNF-α, this points towards another mechanism by which IL-6 expression is increased due to TM.
With regard to TLR2 and TLR4, our results show that TLR2 and TLR4 mRNA expression dynamics were higher and faster in the TM groups compared to the control groups after AHS. Correspondingly, Huang (2017) demonstrated that TLR4 mRNA expression was upregulated in broiler chickens upon exposure to AHS, but no data have been published regarding TLR2. Concerning NF-κB50 and NF-κB65, their mRNA expression levels significantly increased more rapidly in response to AHS in both the Hubbard and Cobb TM groups. TLRs are pathogen-recognition receptors in that they are capable of recognizing pathogenassociated signals and danger-associated molecular pattern (DAMPs) (McCarthy et al., 2013) . One example of a DAMP is Hsp70, which is secreted by various cells during stress and binds to TLR2 and TLR4 (Asea et al., 2002; Calderwood et al. 2007 ). The interaction between Hsp70 and TLR2 and TLR4 leads to the activation of signal transduction cascades that result in the activation of NF-κB, which, in turn, induces the expression of IL-6 (Asea et al., 2002) . This suggests a third mechanism of IL-6 induction through DAMPs during heat stress: the activation of healing responses. Altogether, the current results indicate that TM enhances the capability of broilers to cope with AHS by promoting tissue healing, regeneration, and protective immune responses characterized by the induction of IL-6 expression and the components of its production pathways.
In the current study, the expression of Hsp70 was significantly higher in the Cobb breed compared to Hubbard chickens. In addition, the expression dynamics of HSF3, IL-6, and IL-1β were different among the 2 breeds, and the response to heat stress seem to be more rapid in the Cobb breed compared to that of Hubbard breed chickens.
CONCLUSION
The results of the present study suggest that TM at 39
• C and 65% RH for 18 h during embryonic days 10 to 18 enhanced the heat tolerance through increasing the splenic and liver mRNA expression of IL-6, and by modulating the expression of genes important in its production pathways during post-hatch AHS exposure. In addition, TM led to lowered T c during post-hatch life both before and during AHS, which gives the birds more fitness to cope with hot environments. Furthermore, Hsp70 expression levels and HSF3, IL-6, and IL-1β expression dynamics were significantly higher in the Cobb breed compared to Hubbard chickens.
